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ABSTRACT
Smartphone-Tape Method for Calculating Body Segment Inertial Parameters for Analysis of
Pitching Arm Kinetics
Jay Sterner

The objectives of this study were to (1) develop a non-invasive method (referred to as
Smart Photo-Tape) to calculate participant-specific upper arm, forearm, and hand segment
inertial properties (SIPs) (e.g. mass, center of mass, and radii of gyration) and (2) use those
Smart Photo-Tape properties in inverse dynamics (ID) analyses to calculate injury-related
pitching arm kinetics. Five 20- to 23- year-old baseball pitchers were photographed holding a
baseball and analyzed using the Smart Photo-Tape method to obtain 3-D inertial properties for
their upper arm, forearm, and hand. The upper arm and forearm segments were modelled as
stacked elliptic cylinders and the hand was modelled as an ellipsoid. One participant received a
dual energy x-ray absorptiometry (DXA) scan and conducted a motion analysis study, pitching 10
fastballs. Scaled SIPs from cadaver studies and Smart Photo-Tape SIPs were compared using
one sample t-tests. Pitching arm kinetic predictions were calculated and compared using scaled
inverse dynamics (ID), Smart Hand ID (a combination of scaled SIPs for the upper arm and
forearm and Smart Photo-Tape SIPs for the hand), and Smart Photo-Tape ID. The major result
was that the Smart Photo-Tape SIPs were significantly different when compared to their
respective scaled inertial properties, with the hand segment producing the largest difference
between the scaled SIPs and Smart Photo-Tape SIPs. The implication of this study is that
researches or coaches can use the Smart Photo-Tape method to calculate participant specific
SIPs for pitching arm kinetic analysis.

Keywords: Biomechanics, Motion Analysis, Baseball, Smartphone
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Chapter 1
INTRODUCTION
Recently, injury prevention measures have been developed and implemented in response to
concerns regarding the increase in baseball pitching arm injuries1. One study reported an increase in
ulnar collateral ligament (UCL) reconstructive (Tommy John) surgery rates in 15- to 19-year-olds by 9%
per year from 2007 to 20112. In 2014, it was reported that 31% of 754 youth participants aged 9-18 years
self-reported a pitching injury within the last year3. Despite the recent preventative efforts, shoulder and
elbow injury rates among high school baseball players did not decrease from 2005-2015, with pitchers
most likely to suffer shoulder (40%) and elbow (57%) injuries among those injured4.
Pitching arm injuries have been found to be linked with large, repetitive shoulder and elbow
torques that occur during the pitching motion5,6. UCL injuries are caused by the throwing arm
experiencing elbow varus toques, inducing large UCL strains, during the pitching motion, which leads to
UCL loads up to 290 N and it has been found that the ligament experiences tensile failure at 261 N7.
Labrum and rotator cuff injuries have been linked to large shoulder compressive forces, horizontal
shoulder adduction torques, and shoulder internal rotation torques during the pitching cycle8.`Many of
these overuse injuries begin during youth baseball, before a player's body matures. Therefore, improving
the method of accurately predicting pitching arm kinetics (e.g. joint forces and torques) may benefit the
continued development of injury prevention strategies.
Motion analysis studies may be used to calculate injury-related pitching kinetics. Motion capture
can be used to capture marker data and measure segment lengths and kinematic data (e.g. segment
velocities and accelerations). Then segment inertial properties (SIPs), such as mass, center of mass, and
radii of gyration, can be estimated using total body mass and segment lengths. Finally, pitching arm
kinetics can be estimated using inverse dynamics (ID) analysis, using the kinematic data and SIPs as
inputs.
The body segment (e.g. hand, forearm, and upper arm) masses for adult pitching analyses9 as
well as youth pitching analyses10,11 are typically scaled from total body mass using mass ratios based on
adult cadaver studies12. The scaled SIPs were averaged across multiple participants and it has been
shown that using participant specific SIPs can cause large kinetic difference on an individual participant
basis13. That study used participant-specific segment masses for youth pitchers that were based on dual
1

energy x-ray absorptiometry (DXA) scans of each participant13. Adult and youth mass ratios have been
shown to differ, especially for the upper arm segment14. The use of adult segment mass ratios for children
have been shown to affect ID predictions of pitching arm kinetics13. Furthermore, ID analysis predicted
different shoulder and elbow torques when participants pitched with a standard baseball versus weighted
baseballs that varied by 1 oz. in weight15.
According to Pitch Smart16 guidelines body composition measures such as body weight and
body mass index [BMI] have not been identified as risk factors for pitching arm injuries. However,
previous epidemiological studies have concluded that body weight and height may be risk factors for
pitching injuries17. Thus, the use of participant-specific SIPs could further investigate how high BMI and/or
arm masses in overweight athletes may increase injury risk during pitching.
Dual energy x-ray absorptiometry (DXA) technology has been used to calculate whole body mass
and participant-specific body segment masses13,18,19. DXA methods allow the variations in participant
tissue densities to be measured and thus estimate participant-specific SIPs. While producing accurate
results for pitching arm SIPs, these methods are expensive and not practical for the average player or
coach to utilize. Non-invasive methods have been used to determine arm segment volumes by modelling
the segments as truncated cones and taking circumference measurements to estimate volumes20. More
recently photographic methods have been used to obtain anthropometric measurements for custom
sizing for clothing or equipment21. Another study estimated body SIPs by having participants wear
markers on anatomical landmarks and stand in a number of static postures, using two force plates to
measure changes in the centers of pressure22. However, these previous studies have not created a
method to estimate arm segment mass, center of mass, and radii of gyration using minimal user
measurements and a single photograph. Additionally, both the scaled mass ratios12 and DXA mass
ratios13 are based off of the hand lying flat; however, when pitching the hand is gripping a baseball and
thus will have different inertial properties than an open, flat hand.
Thus, the goals of this study were to (1) develop a non-invasive Smart Photo-Tape method to
calculate participant-specific pitching arm SIPs (e.g. mass, center of mass, and radii of gyration) and (2)
use those Smart Photo-Tape properties in ID analyses to calculate injury-related pitching arm kinetics.
These injury-related pitching arm kinetics include: elbow varus torque, elbow compressive force, shoulder
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compressive force, shoulder internal rotation torque, and shoulder horizontal adduction torque. Baseball
pitchers may have different arm segment compositions when compared to the average population due to
their age and activity level, which could affect their arm SIPs. To address these aims, a novel Smart
Photo-Tape method was developed that consists of a photo taken with a smartphone camera and 5
circumference tape measurements. Due to scaled hand SIPs not accurately representing the geometry of
the hand during pitching this study aims to remodel the hand geometry to reflect the hand gripping the
baseball. In order to analyze the effect of remolding the hand segment the Smart Hand method was
considered that refers to the use of SIPs for the upper arm and forearm in combination with Smart PhotoTape SIPs for the hand. The hypotheses were that (1) the Smart Photo-Tape method will produce
participant-specific upper arm, forearm, and hand SIPs that were significantly different from the SIPs
calculated using scaled parameters and (2) injury-related kinetics calculated using the Smart Photo-Tape
and Smart Hand SIPs will differ from kinetics calculated using scaled parameters.
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Chapter 2
METHODS
2.1 Participant Selection and Informed Consent
Protocols were approved by our Institutional Review Board and were designed to minimize risks.
To be eligible, a participant must have been 18-25 years old, had recently played on an organized
baseball team, and had no recent history of pitching related injury. Five male participants (age 22.1 ± 1.4
years, height 184.2 ± 3.8 cm, body mass 87.9 ± 3.5, BMI 25.9 ± 1.5) volunteered and their data were
used. Participant weight was measured using an analog scale and participant height was measured using
a tape measure while the participant stood upright against a wall. No effort was made to recruit pitchers of
any specific body type, because the comparison of the two methods requires such measures to be
random and thus representative of the target population (i.e. baseball pitchers).
After an initial telephone interview to discuss the study and participant eligibility, each interested
participant filled out the informed consent form as well as the Physical Activity Readiness Questionnaire
(PAR-Q), Image Release Agreement, and Test Participant Information forms. Only one participant was
able to conduct a DXA scan and participate in the motion analysis experiment.

2.2 DXA Scan
Only one participant was able to complete a DXA scan. In the nutrition lab, the participant
removed any jewelry and items from their pockets before their height and weight were recorded. Then,
the participant underwent a DXA scan using a Lunar iDXA scanner (GE Healthcare, Madison, WI, USA).
The participant was asked to fast or eat as little as possible to allow for accurate data collection. The DXA
scan could have produced slightly skewed results for mass values for the torso segment if the participant
had food prior to the scan, however the torso segment was not used in this study. During the scan the
participant laid in the supine position with a strap placed around their toes for comfort. A licensed
technician conducted the scan while the participant laid still for approximately five minutes.
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2.3 Pitching Experiment
Only one participant was able to conduct a pitching experiment. First, the participant completed
warm-up exercises (stretching, jogging, and 20–25 non-pitching throws). They changed into compression
clothing and 38 retroreflective markers (19 of 12.7 mm and 19 of 19.0 mm diameters) were placed on the
participant based on the PitchTrak software (Motion Analysis, Santa Rosa, CA, USA) marker set. The
markers were separated into two groups: anatomical markers that were placed on specific landmarks and
tracking markers that were arbitrarily placed on a segment. For the left handed pitcher the marker set
consisted of the following anatomical markers: left acromion, right acromion, right medial scapula, right
inferior scapula, left medial scapula, left inferior scapula, left lateral humeral epicondyle, left medial
humeral epicondyle, left radial styloid process, left ulnar styloid process, right lateral humeral epicondyle,
right medial humeral epicondyle, right radial styloid process, right ulnar styloid process, right asis, sacral,
left asis, right lateral femoral epicondyle, right lateral malleolus, right calcaneus, left lateral femoral
epicondyle, left lateral malleolus, left calcaneus, right medial femoral epicondyle, right medial malleolus,
left medial femoral epicondyle, and left medial malleolus. The tracking markers were the top head, front
head, back head, right clavicle, left hand, right thigh, right shank, right toe, left thigh, left shank, and left
toe.
The participant pitched off a portable mound (height = 6 in) in the room’s center and into a net 23
feet away with a scaled strike zone. The pitching protocol included 10 warm up pitches followed by 10
fastball pitches at maximum effort that were recorded for analysis. Markers fell off the participant during
~20% of the pitches; those pitches were repeated and not counted in the required 10 pitches.
A motion analysis system with six Owl, three Osprey, two Eagle, and one Kestrel digital cameras
(Motion Analysis) was used to track markers. Marker trajectory was recorded in Cortex analysis software
(Version 7.0, Motion Analysis) at 200 Hz, interpolated (third-order spline), and filtered (4th order
Butterworth filter, cut-off frequency 12 Hz). Cortex was used to record pitch speed, which was not
disclosed to the participant. The last 3 pitches with usable data were analyzed independently to obtain
averaged kinetic values.
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2.4 Image Collection
All five participants changed into a tight black long sleeve compressive shirt and put a black latex
nitrile glove on their throwing hand. White athletic tape was placed around the shoulder, elbow, and wrist
joints of the participants throwing arm. The shoulder joint was defined by the distal end of the acromion
plateau, the elbow joint by the epicondyles of the humerus, and the wrist joint by the ulnar and radial
styloid processes. Five circumference measurements were then taken using a flexible tape measure:
three about the shoulder, elbow and wrist joints and two about the midpoint of the upper arm and forearm
segments. All measurements were taken with the arm extended and the values recorded in millimeters.
Each participant stood in front of a white background with a 10 cm by 10 cm black calibration square
while holding a black baseball with a fastball grip. Each participant held their arm at an abduction angle of
90 degrees and with the palm facing forward. Then, a photo was captured using an Iphone XR (4290 x

2800) from a location anterior to the participant 3 feet away (Fig. 2.1).

Figure 2.1. Smartphone photo captured with participant standing in front of the white
background with calibration square. The white athletic tape indicates the separation between
segments.
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2.5 Scaled Properties
Scaled properties for pitching arm SIPs were based on segment mass ratios normalized by body
mass and COMs and radii of gyration normalized by segment length from adult cadaver studies12. The
scaled SIPs correspond to values that have been used in previous motion analysis pitching
studies8,9,17,23.PitchTrak multiplies the normalized SIPs by participant body mass to calculate segment
mass and segment length for COM and radii of gyration.

2.6 Smart Photo-Tape Method
All image processing and analysis was done in the computer software Matlab (MathWorks,
Natick, MA, USA). For this study, a custom Matlab code was written to calculate pitching arm segment
mass, center of mass, and radii of gyration. The inputs to the code were (1) an excel spreadsheet with the
participant's mass and arm circumference (i.e. 𝐶!"#$%&'( , 𝐶&%))(* , 𝐶)%+,'( ) measurements for the upper arm
and forearm (e.g. proximal upper arm, middle upper arm, distal upper arm / proximal forearm, middle
forearm, and distal forearm / proximal hand) and (2) the smartphone photo with the calibration square.
The known length of the calibration square, in millimeters, was divided by the number of pixels along one
side of the calibration square to calculate a pixel length for the image. The following calculations were
based on the coordinate system used by the PitchTrak application of Cortex motion analysis software
(Motion Analysis, Santa Rosa, CA, USA) (Fig. 2.2).
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Figure 2.2. Approximate locations of joint centers and segment centers of mass (COM)
with the appropriate coordinate system and markers placed on key anatomical land
markers. The x-axis represents the medio-lateral axis and the y-axis represents the longitudinal
axis for the segment . The z-axis extends into the page and represents the anteroposterior axis.
PitchTrak has local coordinate systems at each joint center, which y-axis COM distances are
measured from. PitchTrak also has local coordinate systems at each segment COM, which radii of
gyration are calculated about. These segment COMs translate and rotate with the segment during the
pitching motion so when the arm is not abducted the medio-lateral x-axis is horizontal (Figure 2.2). The yaxes for the local coordinate systems are coincident, such that the y-axis for the upper arm COM extends
through the shoulder joint center in the positive direction and through the elbow joint center in the
negative direction. Due to the modeling the upper arm and forearm as concentric stacked cylinders the x
and z coordinates for the COM are zero but in PitchTrak these values can be input based off of the
segment COM coordinate system.
The Smart Photo-Tape method calculates the SIPs for the upper arm and forearm, by modelling
the segments as stacked concentric elliptical cylinders (Fig. 2.3). After the user is prompted, they drag a
rectangle around the region of the image that includes the segment of interest (Fig. 2.4). Then the vertical
length (mm) at the proximal, middle, and distal end of the segment were calculate by counting the pixels
and multiplying by the pixel length. Linear interpolation was used to calculate 50 values for the vertical
length between the proximal and middle measurements and then 50 values for the vertical lengths
between the middle and distal measurements. A similar interpolation approach was used to calculate 100

8

circumference values C for the segment. The cross sectional area of each cylinder was modelled as an
ellipse with the measured vertical length corresponding to the long axis LA of the ellipse. The short axis
-

01

length SA was approximated using 𝑆𝐴 = 2 ∗ ((2 ∗ (./). ) − ( . ). . The volume V of each elliptical cylinder
2

41

01

was calculated using 𝑉% = 3 𝜋 . . / . . / ∗ 𝑡 where 𝑡 is the thickness of the cylinder and is calculated by
dividing the segment length by the number of cylinders (i.e. 100). The mass (kg) of the entire segment is
then calculated using 𝑚,#, = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ ∑ 𝑉% . The density of the upper arm and forearm were assumed to
be 1.07 ∗ 1056 and 1.13 ∗ 1056

78
&&!

from Clauser24. Work was done to determine arm density values more

specific to adult pitchers but the results were inconclusive (Appendix A).

Figure 2.3. (Top) Stacked elliptical cylinders used to model the upper arm and forearm
segments and ellipsoid used to model the hand with baseball segment. (Bottom) Cross
section of the elliptical cylinders and ellipsoid with labelled dimensions.
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Figure 2.4. Images of the user selected upper arm (left), forearm (middle), and hand with
ball (right) regions in Matlab.

In this model the center of mass of each segment lies on the y-axis, due to the elliptic cylinders
being modeled as concentric (Fig. 2.3), and is measured from the shoulder joint center for the upper arm
and from the elbow joint center for the forearm. To find the location of center of mass in the longitudinal
direction, 𝑦-9: , first the distance 𝑦% is calculated as the length from the proximal joint center to the center
of each elliptical cylinder along the y-axis. Then, the formula 𝑦-9: =

∑(&" =" )
&#$#

is used to calculate the

position of the center of mass along the longitudinal axis.
For each radii of gyration the mass moment of inertia, 𝑀𝑂𝐼, was first calculated and then using
:9?

𝑅 = (&

#$#

the radius of gyration was calculated. The moment of inertia about the y-axis was calculated

using 𝑀𝑂𝐼= = ∑

&" 01%
"
3

.

3

+

41%
"
3

/. For the x and y axes the parallel axis theorem was used to find the moment

of inertia for each cylinder around the axis that intersects the segments center of mass. The moment of
inertia about the x-axis for each cylinder is calculated using 𝑀𝑂𝐼$% = 𝑚% ∗

41%
"
26

and then for the entire

segment 𝑀𝑂𝐼$ = ∑ 𝑀𝑂𝐼$% + (𝑦% − 𝑦-9: ). . The moment of inertia about the z-axis for each cylinder is
calculated using 𝑀𝑂𝐼=% = 𝑚% ∗

01%
"
26

and then for the entire segment 𝑀𝑂𝐼= = ∑ 𝑀𝑂𝐼=% + (𝑦% − 𝑦-9: ). . The

segment masses were normalized by body mass, and the center of mass coordinate and radii of gyration
were normalized by segment length.
The hand segment was modelled as an ellipsoid (Fig. 2.3) to account for the shape of the hand
gripping a baseball. This geometry is based off the shape of the hand when gripping a baseball without
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including the ball itself. The mass of the ball is accounted for in PitchTrak and added to the mass of the
hand, however the COM and radii of gyration do not account for the ball. The following Smart Photo-Tape
analysis calculates the mass of the hand without a ball and the COM and radii of gyration with the ball to
address this.
When running the Matlab code, the user selected the region of the photo containing the hand,
the lengths in the y and x directions, 𝑙= and 𝑙$ , were found by counting the number of pixels in the longest
row or column respectively and multiplying it by the pixel length. It was assumed that the length of the
segment in the z direction, 𝑙@ , is equal to half the length of the segment in the x direction due to the
inability to accurately measure the circumference of the segment. The volume was then calculated using
𝑉=

3
A

𝜋

(& (' ((
. . .

1.16 ∗ 1056

78

from Clauser24. The longitudinal center of mass lies on the geometric center of the shape

&&!

at a distance
𝑀𝑂𝐼= =

and the mass using 𝑚,#, = (𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑉). The density of the hand was assumed to be

('
.

from the wrist joint center. The moment of inertia about the y-axis is calculated using

&#$# (& .
(3
B

+

(( .
3

), the moment of inertia about the x-axis is calculated using 𝑀𝑂𝐼$ =

and the moment of inertia about the z-axis is calculated using 𝑀𝑂𝐼@ =

&#$# (' .
B

F3 +

(& .
3

&#$# (' .
B

(3 +

(( .
3

),

G. The segment mass

was again normalized by body mass and the center of mass coordinate and radii of gyration were
normalized by segment length.
All five participants were evaluated using the Smart Photo-Tape method to approximate their
upper arm, forearm, and hand mass ratios, centers of mass, and radii of gyration.

2.7 Smart Hand Method
The Smart Hand method combines the scaled SIPs for the upper arm and forearm with the Smart
Photo-Tape SIPs for the hand to measure the effect of the new hand geometry on pitching arm kinetics.
The scaled hand SIPs were based on the geometry for an open palm hand and the Smart Photo-Tape
SIPs were based off the geometry of the hand gripping a baseball.
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2.8 Kinetic Analysis
All kinetic parameters were calculated in PitchTrak using scaled, Smart Photo-Tape, and Smart
Hand pitching arm SIPs for the single participant. PitchTrak uses a top-down ID approach, so the elbow
joint forces and torques depend on forearm and hand SIPs, while shoulder joint forces and torques
depend on upper arm, forearm, and hand SIPs. Analyzed kinetic parameters included maximum shoulder
compressive force, shoulder internal rotation torque, shoulder horizontal adduction torque, elbow
compressive force and elbow varus torque (Fig. 2.5). Those parameters were extracted at the maximum
value within the pitching cycle defined from foot contact to ball release. Kinetic parameters were
expressed as internal joint loads (e.g., an external elbow valgus torque produces an internal varus torque
generated by tissues including the UCL)25.

Figure 2.5. Schematic of the definitions PitchTrak used for torque directions for a righthanded pitcher.

2.9 Statistical Analysis
When applicable, results are reported as mean ± 1 standard deviation. One sample t-tests were
performed to determine significant differences between scaled and Smart Photo-Tape SIPs. Since there
were five parameters for each of the upper arm, forearm, and hand segments, a Bonferroni factor of 5
was applied (p<0.01 significant). The SIPs of interest were segment mass (1 parameter), center of mass
coordinate (1 parameters), and radii of gyration (3 parameters) about the three principal axes.
For each kinetic parameter, the maximum values for three trials were averaged to reduce
variability that can occur between trials. Statistical analysis could not be performed due to only having
one participant.
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Chapter 3
RESULTS
Smart Photo-Tape SIPs differed for each of the arm segments (Table 3.1). The Smart PhotoTape upper arm mass ratio (p=0.0007), longitudinal COM (p=0.0025), medio-lateral radius of gyration
(p=0.0011), longitudinal radius of gyration (p=0.003), and anteroposterior radius of gyration (p<0.0001)
differed from their respective scaled values. For the forearm, the Smart Photo-Tape mass ratio
(p=0.0075), longitudinal COM (p=0.0029), and longitudinal radius of gyration (p<0.0001) differed for the
respective scaled values. For the hand, the Smart Photo-Tape longitudinal center of mass was larger
than the respective scaled value. For the hand, the Smart Photo-Tape medio-lateral (p<0.0001),
longitudinal (p<0.0001), and anteroposterior (p<0.0001) radii of gyration were lower than the respective
scaled values. Smart-Photo Tape SIPs for each participant are shown in Appendix B.
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Table 3.1. Scaled and Smart Photo-Tape upper arm, forearm, and hand SIPs ratios (n=5), mean ± 1
SD values shown. Segment masses were normalized by body mass. Center of mass location and radii of
gyration were normalized by segment length. a Data from De Leva et al.12. b Data from McConville et al.26.
c

The center of mass was assumed to lie at the geometric center of the hand segment. *= significant

difference compared against scaled values, p<0.01. Note: The hand COM and radii of gyration account
for the hand gripping a baseball.
Mass (%)

Longitudinal Center of Mass (%)

Scaled a

Smart Photo-Tape

Scaled a

Smart Photo-Tape

Upper Arm

2.71

3.31 ± 0.14*

57.7

45.0 ± 4.2*

Forearm

1.62

1.56 ± 0.027*

45.7

39.1 ± 2.3*

Hand

0.61

0.61 ± 0.026

37.0

50c

Medio-lateral Radius of Gyration (%)

Longitudinal Radius of Gyration (%)

Scaled b

Smart Photo-Tape

Scaled b

Smart Photo-Tape

Upper Arm

28.5

31.1 ± 0.71*

15.8

25.0 ± 2.3*

Forearm

27.6

28.1 ± 1.57

12.1

16.3 ± 0.38*

Hand

62.8

23.3 ± 0.21*

40.1

18.2 ± 2.3*

Anteroposterior Radius of Gyration (%)
Scaled b

Smart Photo-Tape

Upper Arm

26.9

32.9 ± 0.83*

Forearm

26.5

28.8 ± 1.6

Hand

51.3

25.8 ± 0.79*

Shoulder and elbow kinetic parameters calculated using scaled, Smart Photo-Tape, and Smart
Hand ID could not be compared using a statistical analysis due to a sample size of one (Table 3.2).
Shoulder compressive force (Fig. 3.1), shoulder internal rotation torque (Fig. 3.2), shoulder horizontal
adduction torque (Fig. 3.3), elbow compressive force (Fig. 3.4), and elbow varus torque (Fig. 3.5) were
averaged over three trials and plotted over the entire pitch cycle for each ID method to verify qualitative
agreement with previous results. While maximum shoulder compression was lower than expected, the
overall trend agrees with published results8. Smart Photo-Tape ID produced higher peaks for shoulder
internal rotation when compared to the scaled and Smart Hand ID. At the end of the pitch cycle the
14

shoulder internal rotation torque becomes negative, indicating an external rotation torque, which is not
seen in other studies8. Shoulder horizontal adduction torque has been observed to become negative,
indicating a horizontal abduction torque, between maximum external rotation and ball release8, which was
not seen in this study. Similar to the shoulder compressive force, elbow compression was lower than
expected, but the overall trend agrees with Fleisig8. Elbow varus torque was also lower than expected
with trends agreeing with previous results23.

Table 3.2. Maximum shoulder and elbow kinetics calculated using scaled, Smart Hand, and Smart
Photo-Tape inverse dynamics for a single participant.
Scaled

Smart Photo-Tape

Smart Hand

Compressive Force (N)

605

592

613

Internal Rotation Torque (N-m)

51.5

50.1

50.4

Horizontal Adduction Torque (N-m)

79.0

75.2

77.6

Compressive Force (N)

477

450

482

Varus Torque (N-m)

35.5

32.6

34.7

Shoulder

Elbow
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Figure 3.1. Shoulder compressive force calculated using scaled, Smart Hand, and Smart
Photo-Tape inverse dynamics methods.

Figure 3.2. Shoulder internal rotation torque calculated using scaled, Smart Hand, and
Smart Photo-Tape inverse dynamics methods.

16

Figure 3.3. Shoulder horizontal adduction torque calculated using scaled, Smart Hand, and
Smart Photo-Tape inverse dynamics methods.

Figure 3.4. Elbow compressive force calculated using scaled, Smart Hand, and Smart
Photo-Tape inverse dynamics methods.
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Figure 3.4. Elbow valgus torque calculated using scaled, Smart Hand, and Smart PhotoTape inverse dynamics methods.
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Chapter 4
DISCUSSION
There were several novel features of this study. First, the study used a single photo and 5 tape
measurements to calculate participant-specific SIPs for the upper arm, forearm, and hand segments.
Second, the hand segment was modelled as an ellipsoid that represented the hand holding a baseball
during the pitching motion. Third, the Smart Hand and Smart Photo-Tape SIPs were used in an ID
analysis to calculate pitching arm kinetics.
These results supported the first part of the hypothesis that the Smart Photo-Tape SIPs for the
upper arm would differ from the respective scaled values. The first explanation for that result is that the
scaled values are based on older adult cadavers that were not athletes. It has been shown that bone
mineral density (BMD) of the arm decreases with age27 and that BMD increases in the dominant arm of
athletes that play sports such as baseball and tennis28. The results from this study used segment
densities from previous studies24 that did not analyze athletes, thus the differences stem from the volume
measurement of the Smart Photo-Tape method. The upper arm mass ratio presented the largest
difference, in part due to the upper arm segment definition for the Smart Photo-Tape method. In this
study, as in some previous studies13,14, the proximal end of the upper arm segment includes the humeral
head and any soft tissues that rotates with the joint during the pitching motion. The scaled value for upper
arm mass ratio does not include the humeral head or any tissues surrounding it. This proximal region of
the upper arm has the largest circumference when compared to the rest of the upper arm segment, thus
is modelled as having a larger volume. Since the upper arm segment is modelled with a uniform density,
the large proximal addition explains the proximal shift in the longitudinal mass, agreeing with a previous
study using this segment definition19. The radii of gyration for the upper arm about all three axes were
larger when using the Smart Photo-Tape method compared to the scaled values, which agrees with a
previous study using DXA analysis19.
The results also supported the second part of the hypothesis that the Smart Photo-Tape SIPs for
the forearm would differ from the respective scaled values. The forearm segment mass ratio calculated
using the Smart Photo-Tape method was less than the scaled mass ratio. This difference agrees with a
previous study22 that reported even smaller mass ratios for the forearm, likely due to use of non-throwing
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athletes in the study. Additionally, the Smart Photo-Tape forearm mass ratios could be less than the
scaled mass ratios due to participants having more muscle development throughout other parts of their
body. The use of more accurate segment density values for the participant group analyzed using the
Smart Photo-Tape could also address these differences (Appendix A). Similar to the upper arm, the
forearm longitudinal center of mass lies closer to the elbow joint using the Smart Photo-Tape method
when compared to the scaled value. One explanation for this is that the muscle bellies on the forearm
reside proximally, or close to the elbow joint. Baseball pitchers likely have more developed forearm
muscles thus shifting the forearm longitudinal center of mass proximally when compared to the average
person. This could also increase the longitudinal radii of gyration, which was also found to differ when
compared to the scaled value. The medio-lateral and anteroposterior radii of gyration showed no
differences between the Smart Photo-Tape and scaled values.
The results supported the third part of the hypothesis that the Smart Photo-Tape SIPs for the
hand would differ from the respective scaled values. The hand segment mass ratio did not significantly
differ between the two methods, likely due to hand composition being dominated by bone mass and using
previously published hand density values. The SIPs produced large differences between the two
methods, likely due to modelling the hand segment while gripping a baseball. This new method of
modelling the hand segment should be implemented for pitching analysis in order to produce accurate
pitching arm kinetic predictions. The assumption that the longitudinal center of mass of the hand segment
lies at the geometric center of the ellipsoid shifts the center of mass distally when compared to the scaled
value. This agrees with the change in geometry because when gripping a baseball more mass is added to
the distal part of the hand, distributing the mass more evenly throughout the segment and moving the
center of mass away from the wrist joint. All three radii of gyration were reduced significantly due to the
proposed geometry change. Previously for scaled analyses the flat hand could be modelled as a thin
rectangular prism, a geometry with greater radii of gyration when compared to an ellipsoid of similar
volume. When conducting inverse dynamics analyses of baseball pitchers the hand segment undergoes
the largest accelerations29 and lies the furthest away from the elbow and shoulder joint when compared to
the upper arm and forearm, so further analysis should be done incorporating Smart Photo-Tape SIPs for
the hand segment.
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In order to investigate the effect of the modified hand geometry on pitching arm kinetics Smart
Hand ID analysis was conducted, which consisted of using participant-specific Smart Photo-Tape inertial
properties for the hand segment and scaled inertial properties for the forearm and upper arm segment.
PitchTrak calculates a ball mass ratio by dividing the mass of a baseball by the participant’s body mass
and adds the ball mass ratio to the scaled hand mass ratio to account for ball mass in kinetic calculations.
For Smart Hand and Smart Photo-Tape analyses the same steps were taken to calculate the hand
segment mass used for kinetic predictions. The trends followed what was expected with an increase in
shoulder compressive force and decrease in shoulder horizontal adduction torque, shoulder internal
rotation torque, and elbow varus torque when using Smart Photo-Tape inertial properties for the hand due
the significant reduction in the hand segment radii of gyration. For the specific participant analyzed their
hand mass ratio was 0.0065, which is larger than the scaled mass ratio of 0.0061. Since the shoulder
compressive force depends on the hand mass but not its radii of gyration an increase in force agrees with
intuition. When calculating joint torques, both the mass and radii of gyration contribute to the magnitude of
the torque and for this participant the reduction in the hand’s radii of gyration led to a reduction in
shoulder and elbow torques. While significance cannot be drawn from analyzing one participant, further
work should investigate the use of more accurate hand segment geometries on pitching kinetic analysis.
The kinetic results calculated from scaled ID were also compared to Smart Photo-Tape ID that
used participant-specific inertial properties for the upper arm, forearm, and hand segments. Smart PhotoTape ID produced kinetic results lower than the values produced by both scaled and Smart Hand ID,
except for shoulder internal rotation torque (Figure 3.2). Firstly, the participant-specific forearm mass ratio
was less and the center of mass shifted towards the elbow joint when compared to the scaled values.
Due to PitchTrak using a top down approach, the elbow kinetics only depend on forearm and hand inertial
properties, thus a reduction of forearm mass should reduce the elbow compressive force, and a shift of
the center of mass proximally should reduce the elbow varus torque. Secondly, the participant-specific
upper arm mass and radii of gyration increased while the center of mass shifted towards the shoulder
joint when compared to the scaled values. While the average difference between the scaled and Smart
Photo-Tape upper arm mass was 0.6%, the participant whose kinetics were analyzed had an upper arm
mass ratio of 0.3% greater than the scaled value. Since the forearm mass is further away from the
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shoulder joint it may have a larger influence on the shoulder compressive force than the upper arm, thus
leading to a smaller kinetic result using Smart Photo-Tape ID. Similar to the elbow torque, the shoulder
torques are smaller using participant-specific SIPs likely due to the shift of the center of mass proximally
for the upper arm segment. Similarly to Smart Hand ID, significance could not be drawn from this study
and future work should compare scaled and Smart Photo-Tape ID results across multiple participants.
This study provides several implications for baseball pitchers. Common pitching injuries such as
UCL sprains have been linked to high elbow varus torque30, and rotator cuff injuries have been linked to
high horizontal adduction and internal rotation torques8,31. Thus, a clinically relevant result is that the
Smart Photo-Tape method produced significantly different participant-specific SIPs when compared to
corresponding scaled SIPs. These SIPs also agree with the trends found by previous studies using more
expensive DXA analysis19. The use of participant-specific SIPs should lead to more accurate predictions
of injury-related kinetics and thus, may lead to an improved understanding of injury risk factors. The
remolding of the hand geometry to represent the hand gripping a baseball increased the center of mass
distance relative to the wrist joint by 35% and decreased the medio-lateral, longitudinal, and
anteroposterior radii gyration by 63%, 55% and 50% respectively. These large differences may produce
significant differences when calculating injury-related kinetics for a group of pitchers. Furthermore, the
ability to calculate these participant-specific SIPs using only a few tape measurements and a smartphone
photograph may allow researchers and coaches to calculate participant-specific pitching arm kinetics.
There are several limitations in the current study. First, due to the COVID-19 pandemic, motion
capture experiments could not be done with all five participants and, consequently, ID analysis and kinetic
results could only be obtained for one participant. Also due to the pandemic the Smart Photo-Tape
method could not be validated by conducting DXA scans of each participant and using previously
published19 techniques to calculate SIPs. Second, lighting conditions were not the same when images
were captured for each participant due the inability to use a research lab. While each image was postprocessed differently to account for this issue, some unwanted variability may have occurred between
participants. Third, since only one photo and five circumference measurements were used, the calculation
of the minor axis of an ellipse for the upper arm and forearm was subject to error due to the assumption
of the elliptical geometry. The general equation for the circumference of an ellipse is an approximation
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based off the major and minor axes, which gets more accurate the closer the two axes are in length, or
the more the shape resembles a square. Another photograph from the transverse plane could be used to
find the minor axis length directly and thus improve the accuracy of the calculated cross-sectional areas
and, ultimately, the SIPs. Future studies should utilize this method to eliminate the need for manual
circumference measurements and further automate the method. Finally, this method was designed to be
used for the calculation of arm SIPs for baseball pitchers; however, the segment densities used did not
reflect that population. As stated earlier, it has been shown that bone mineral density varies between
dominant and non-dominant arms of throwing athletes and with age28,32. For future studies, work should
be done to obtain the segment densities of the population of interest to calculate more accurate inertial
properties.
In summary, the current study was the first to implement a method to calculate upper arm,
forearm, and hand SIPs using a single smartphone photo and tape measurements. This study also was
the first to model the hand segment as a geometry that better reflects the hand gripping a baseball and
then use ID analysis to observe the effect of Smart Photo-Tape SIPs on pitching arm kinetics. The novel
result was that Smart Photo-Tape SIPs for the upper arm, forearm, and hand were significantly different
than their respective scaled values. Therefore, future studies should consider implementing the Smart
Photo-Tape ID method on a sample of adult pitchers to further analyze its effect on pitching arm kinetics.
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Appendix A: Density Analysis
Arm segments densities can vary with age, gender, type of athlete, and dominant versus nondominant arms 27,28,32,33. The purpose of the Smart Photo-Tape method is to calculate participant-specific
arm SIPs for adult baseball pitchers; thus, more accurate values for arm segment densities for the study
populations would be preferable to using published values that are based on averaged values from a
broader population. Here, a DXA-submersion method was developed to estimate the density of the upper
arm, forearm, and hand segment, first by calculating segment mass from a DXA scan and then
calculating a segment volume using a water displacement technique.
DXA software (GE Healthcare) utilizes x-rays at two filtered levels that pass though organic
tissues (i.e. fat , lean, bone) differently based on the individual tissue densities. The average densities for
fat and lean mass are 0.9 and 1.1

𝒈
𝒈
while arm bone densities can range from 0.75 – 1.1 𝟑 in college
𝒄𝒎𝟑
𝒄𝒎

athletes across different sports28,34. Pitchers may have more muscle and higher bone densities than the
general population, which would possible produce different overall segment densities.
Using this data and the known densities of bone, fat tissue, and lean tissue, the individual’s upper
arm, forearm, and hand masses were calculated. The DXA software automatically segments the body
into regions of interest (i.e left arm, right arm, torso) for which a mass is calculated. From the DXA scan of
the participant, the mass of the upper arm, forearm, and hand segments was determined by manually
separating the arm segment into those three region and comparing the sum of the masses from those
regions and comparing it to the mass of the automatically segmented arm region (Fig A.1).
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Figure A.1. (Left) bone mineral density (BMD) and (right) soft tissue image of adult
participant tested in this study or kinetics. BMD scan: darker regions indicate higher bone density.
Soft tissue scan: green indicates lower body fat percentage and red indicates highest body fat
percentage. Regions 6, 5, and 4 represent the upper arm, forearm, and hand regions
respectively for the left arm.

Once the participant’s arm mass was calculated from the DXA scan their arm segment volumes
were calculated in order to get arm segment densities. A water displacement method was used to
determine the volume of the upper arm, forearm, and hand of the participant who underwent the DXA
scan. This was done by submerging the arm, up to the acromion process, in a container filled completely
with water. All of the water that displaced and spilled over was collected and its volume was measured.
This was done three times for the total arm and the volumes were averaged. This process was repeated
with the forearm and hand being submerged and then with just the hand submerged. The volume of the
upper arm was found by subtracting the forearm and hand volume from the total arm volume and the
forearm volume was found using a similar technique. The volumes calculated from the water
displacement method were compared to the volumes from the Smart Photo-Tape method (Table A.1).
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Table A.1. Upper arm, forearm, and hand volumes calculated using the water displacement and Smart
Photo-Tape methods.
Volume (cm3)
Segment

Water Displacement Method

Smart Photo-Tape Method

Upper arm

2584

2636

Forearm

1330

1290

Hand

473

503

The densities calculated for the participant’s pitching arm using this combined DXA-submersion
method and from previously published studies were compared (Table A.1). The densities calculated from
the combined DXA-submersion method were larger that published values24,35. The forearm and hand
density differences can be justified by the participants increased bone density due to multiple years of
pitching experience28. The difference for the upper arm was larger and, thus, was further investigated.

Table A.2. Density values for upper arm, forearm, and hand segments from different studies. 1Data from
Harless 36
Study

Sample Size

Age Range

Year of Study

𝒈

Densities (𝒄𝒎𝟑 )

Upper arm= 1.0887
Clauser et al.1

5

30-68

1969

Forearm= 1.1086
Hand= 1.1126
Upper arm= 1.0676

Dempster et al.35

7

52-83

1967

Forearm= 1.1015
Hand= 1.0696
Upper arm= 1.83

Current Study

1

22

2020

Forearm= 1.21
Hand= 1.34
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The large discrepancy observed for the upper arm density seems to stem from the DXA
software’s automatic technique used for defining the upper arm segment and using that definition to verify
the manual segmentation. When comparing the upper arm segment from this study, with an adult
participant, and the upper arm segment from another study looking at youth pitchers13,19, a clear
difference can be seen in what mass is included in the upper arm region 6 (Figure A.2). For the youth
participant the DXA software correctly identified the proximal end of the arm segment for pitching analysis
by including only mass that rotates about the shoulder joint. The DXA software appears to include too
much proximal mass for pitching analysis when defining the arm segment for the adult participant.
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Figure A.2. (Top) DXA scan of adult participant from current study and (Bottom) DXA scan of
youth participant. Both scans include the custom upper arm region 6.

The adult participant was difficult to position their entire body within the scan area, thus the upper
arm region seems to also include tissues for the torso segment. Analysis was done in an attempt correct
for this issue and calculated an area ratio comparing the original upper arm region and a modified upper
arm region (Figure A.3). The modified area was determined by rotating the shoulder in a pitching motion
and palpating to find where the tissues did not move during rotation. A line was drawn from that point to
the armpit to define the new upper arm area.
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Figure A.3. (Left) Original area used to refine the upper arm region of the DXA scan and (Right)
modified area that includes less torso tissue.

Using the modified area, a more accurate upper arm mass was approximated, leading to an
upper arm density of 1.56 g/cm3. While this value is more accurate, future work should be done to better
approximate the upper arm density for baseball pitchers by having the participant lie in a position similar
to the one used to capture the Smart Photo-Tape photograph. The participant could also move their arm
in a pitching motion and palpation could be done to locate where the arm begins to rotate about the
shoulder joint. A marker could then be placed at that point which would show up in the DXA scan to allow
for more accurate segmentation.
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Appendix B: Smart Photo-Tape Inertial Properties
Table B.1. Complete participant-specific inertial properties obtained from Smart Photo-Tape analysis.
Coordinate system defined as follows: x is the medio-lateral axis, y is the longitudinal axis, and z is the
anteroposterior axis. Mean and Standard Deviation shown in Table 4.1.
Participant

2020Mar17-01

2020Mar17-02

2020Mar17-03

2020Mar17-04

2020Apr09-01

Segment

Percent Mass

COM(Y)

ROG(X)

ROG(Y)

ROG(Z)

Upper arm

3.44

37.9

31.2

28.9

33.6

Forearm

1.57

40.8

28.5

16.5

29.3

Hand

0.591

50.0

23.4

26.3

26.4

Upper arm

3.30

48.0

30.2

24.4

31.8

Forearm

1.53

40.2

29.0

16.5

29.7

Hand

0.605

50.0

23.1

16.1

25.1

Upper arm

3.42

46.5

31.3

23.7

32.9

Forearm

1.59

40.2

29.3

16.3

29.9

Hand

0.585

50.0

23.4

19.1

26.2

Upper arm

3.31

44.2

32.1

24.9

33.8

Forearm

1.57

35.2

25.3

15.6

25.9

Hand

0.598

50.0

23.0

15.6

24.9

Upper arm

3.08

48.1

30.1

23.2

32.3

Forearm

1.53

39.2

28.3

16.5

28.9

Hand

0.651

50.0

23.5

20.6

26.7
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